Accurate temperature control is crucial for the reliable operation of photonic integrated circuits in the presence of internal thermal crosstalk or external thermal disturbance. We propose an adaptive multiple-input and multiple-output (MIMO) control scheme to stabilize the operation wavelength of on-chip wavelength demultiplexers that have many applications in photonic-chip-based optical signal processing. Using the MIMO control scheme, the wavelength drift is reduced from 0.5 nm to 0.1 nm when internal and external thermal disturbances occur.
INTRODUCTION
Photonic integrated circuits (PICs) have been proposed for many applications including sensing [1] , communication [2] and quantum computing [3] . PICs are often implemented in Complementary Metal-Oxide Semiconductor (CMOS) compatible technologies and the materials involved have high thermooptic coefficients [4] , making their operation very sensitive to temperature changes.
Temperature sensitivity can be utilized advantageously. For example, a quantum time-bin entanglement experiment used temperature-dependent tunable couplers and phase shifters to control the amplitude, phase, and wavelength of certain photon states [3] . Fig. 1 shows the schematic of an on-chip wavelength division multiplexer (WDM) based on Mach Zehnder Interferometers (MZIs). Overall, it is a MZI with two arms slightly unbalanced in length. The slight difference in arm lengths determines the free spectral range (FSR) and the phase shifter can vary the peak wavelengths [ Fig. 2 ]. When both input and output couplers are exactly at the 50:50 splitting ratio, the best extinction ratio is achieved. In reality, it is difficult to make on-chip directional couplers with exactly 50:50 splitting ratio due to fabrication imperfections. The solution is to make an arbitrarily tunable coupler based on a MZI with two arms balanced in length, as shown in the dashed rectangles in Fig. 1 . In such a balanced MZI, even if the input and output directional couplers deviate from the 50:50 splitting ratio, we can use the phase shifter to control the ultimate splitting ratio. The phase shifters use thermooptic effects through applying a certain voltage to the resistive heaters. Three resistive heaters, controlled by voltages V1, V2 and V3 are used to adjust the refractive index of the waveguide, which allows a controllable phase shift. When this MZIs-based configuration scales up and is integrated into more complicated circuits with multiple inputs, outputs and several functionalities, care must be taken to avoid changes in the output, i.e. signal drift. Thus accurate and robust control of multiple inputs and multiple outputs (MIMO) are required in practical systems. Control schemes on photonic based electrooptic and ther-mooptic system have been proposed for many applications. For instance, ring resonator MIMO based electrooptic systems have been proposed using cascaded microresonator-based matrix switches in a silicon photonic interconnection network for manycore computing applications [5] . The system employed resonator-based electrooptic switches to achieve nonblocking interconnections among multiple inputs and multiple outputs. MZI thermooptic systems with MIMO control is an alternative approach that has versatile functionality and reconfigurability.
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Fig. 2.
A typical spectral response of the WDM with a broadband input light source. The red sinusoid line is the light signal which has intensity, wavelength, free spectral range (FSR), peak wavelength and extinction ratio.
Efforts to address the issue of thermal sensitivity are reviewed in reference [6] [7] [8] [9] [10] , and approaches include athermal waveguides, thermally self-compensating passive circuits and active feedback control. Wavelength locking and thermally stabilized operation were demonstrated using a silicon microring resonator and dithering in a thermally volatile environment [11] . In addition, contactless integrated photonic probe (CLIPP) as input for feedback control for compact system integration was also demonstrated [12] . In 2015, Fisher et al. [13] proposed a control scheme based calibration technique and extremum seeking algorithm on a large PIC incorporating ring resonators and MZI structures; however, there has been no experimental demonstration on MZI-based systems. In addition, the robustness, loop interaction and control are not analyzed and may not yield the best overall control. In [14] , we presented unique design of single input and single output system controller with proportional integral derivative (PID) algorithm for wavelength stabilization with external disturbance. This paper demonstrates, for the first time, MIMO control of a silicon nitride thermooptic PIC incorporating MZIs. This work differs in several aspects including control algorithm, experimental setup, feedback input, circuit under test complexity and disturbance compared with reference [14] . Using a dual proportional integral reference tracking algorithm [15, 16] combined with system identification [17] , we demonstrate reliable performance with enhanced reconfigurability. For system identification, the underdamped pair and real pole method is applied for robust analysis [18] . The control system adaptively tunes and maintains the operation wavelength of the target outputs. The system performance was improved in terms of control accuracy by reducing wavelength peak drift due to internal and external disturbances from 0.5 nm to 0.1 nm.
EXPERIMENT AND CONTROL SETUP
Our experiment studies a silicon nitride photonic chip. The chip shown in Fig. 3(a) is fabricated using the double-stripe waveguide technology with LioniX BV [19] . The waveguides comprise of SiO 2 cladding and two strips of Si 3 N 4 layers stacked on top of each other with SiO 2 as an intermediate layer. The strips are constructed to be 1.5 µm wide, and the Si 3 N 4 layers and SiO 2 intermediate layers are formed to be 170 and 500 nm thick, respectively. This allows < 100 µm bending radius with a propagation loss of < 0.2 dB/cm for TE polarization and single mode operation at 1550 nm with a high index contrast. All waveguide inputs and outputs are pigtailed with a polarization maintaining fiber (PMF) array. The layout of the chip is sketched in Fig. 4 . Our research focuses on stabilizing the operation wavelengths of the two MZI-based WDMs when internal and external heat disturbances occur, as explained in Fig. 1 and Fig. 2 . All heaters that are used to control the phase shift have a nominal resistance of 600 W. In order to verify our proposed dual proportional integral reference tracking algorithm, the measurement is arranged as shown in Fig. 6 . Amplified Spontaneous Emission (ASE) generates a broadband light source in the telecom C-band. The output is controlled with a tunable attenuator, a fiber inline polarizer (IP) and a Polarization Controller (PC). The input power is monitored using a power meter (PM) and a 50:50 fiber coupler. In this experiment, 15 heaters are connected via electrical wires (black lines) bonded directly to the heater controller shown in Fig. 3(b) . The heater controller as shown in Fig. 3(b) consists of 16 channel outputs, 15 of them being used to provide voltages to the heaters on the photonic chip. The hardware is designed specifically based on open source Arduino using ATmega32u4 with two 16-bit Octal Digital Analog Converters (DACs), eight dual amplifiers and 16 voltage follower circuits integrated onto one board. These electronic circuits as shown in Fig. 3(b) could be scaled for more channel outputs. Two outputs of the chips are connected to two Anritsu ® MS9740A Optical Spectrum Analyzers (OSA). The OSA is employed to obtain the operation wavelength of the WDMs. These signals are then used as the inputs in our control algorithm.
. Basic feedback loop with the assumption that the three components are linear functions of the sums of their inputs. P: plant; C: controller; F: sensor. r: reference or command input; u: actuating signal; d: external disturbance; v: sum (represented by S) of actuating signal and disturbance; h: plant output; y: sum of plant output and noise n; n: sensor noise.
In order to provide system summary for analysis and design of the input/output response, the basic control system transfer function for the experiments need to be defined [25] . Consider the system in Fig. 5 has three blocks representing a plant or process P, a feedback controller C and a sensor or feedforward controller F. There are three external signal: the reference r, the measurement noise n and the load disturbance d. A common problem is to find out how the error e is corresponding to the signals r, d and n. e = Fr y.
(1)
To derive the relevant transfer function, it begins with the control error e, given by Eq (1). From the block diagram as shown in Fig. 5 , signal y is the sum of n and h, where h is the output of the plant, therefore we can define Eq (2). e = Fr n Pd PCe.
We obtain Eq (3) by combining Eq (1) and Eq (2). Hence, Eq (4) is the result of this combination. Finally, solving Eq (4) for e produces Eq (5). G is defined as the transfer function.
The error e is the sum of three terms, depending on the load disturbance d, the reference r and the measurement noise n. The functions in Eq (6) are transfer functions from noise n, reference r and disturbance d to the error e. The control feedback system in this paper provides several parameters for the experiment setup shown in Fig. 6 . Plant P is represented by the silicon nitride photonic chip and controller C is the heater controller that supplies the voltage to the chip. The objective of the control system is to set the output y(y1, y2) by manipulating input u(u1, u2), the voltage input to the heater. The output y is detected using the OSAs. This output is compared by F to the reference value r. The control objective is to keep e = y r small. Assume the plant P, controller C and sensor F are linear and time-invariant. The system can be analyzed using the Laplace transform on the variables. This gives the relations as described in Eq (7) and Eq (8) . These equations give the y(s) as described in Eq (9) by solving y(s) in term of r(s).
e(s) = r(s) F(s)y(s)
In order to have reference point at a specific wavelength, calibration on applied voltage inputs and correlated wavelength output are conducted. Open loop calibration experiments are carried out by collecting data of applied voltage and wavelength output response. A high speed Agilent ® 86115B 10 Gb/s oscilloscope is used to confirm the wavelength outputs. These applied voltages and wavelength outputs data are then used as look up table on programing the feedback control. The feedback control points are at channel 1 and channel 4 on heater controller. The range of the output of OSA 1 or trace window is set to 1558 nm to 1565 nm to avoid double peak detection. The second output at OSA 2 is also fixed to 1543 to 1549 nm for the same reason.
CONTROL MODEL AND TRANSFER FUNCTION
Feedback control aims to manipulate an output subject to an unknown disturbance, with the goal of minimizing an error function. Multiple input multiple output (MIMO) systems utilize different error functions to single input single output (SISO) and can present a sensitivity to uncertainty which is fundamentally different [21] . MIMO transfer functions utilise vector values for inputs and outputs, and can be specified by concatenation of SISO transfer function models. Eq (10) is based on underdamped pair and real pole which described on reference [18] .
The transfer function is deduced from the experimental setup via system identification [17] . Once inputs and outputs are obtained from the experimental data, the transfer function is analyzed and the coefficients needed for real control algorithm obtained. The MIMO model generated by this transfer function is described in detail in reference [22] . The transfer function model of the plant for proportional integral reference tracking in this experiment is generated using plant identification system in Matlab ® [24] , assuming a transfer function H(s) with underdamped pair and real pole as shown in Fig. 7 which is described by Eq (10). The closed loop systems are prepared with several procedures. The identification step response was collected from input and output experiments data as described in transfer function model before the control parameters applied into real system. This data then analysed and tuned using system identification system in MATLAB ® [17] . The tuned parameters of the proportional integral term were then applied to the system. In order to make feedback control test 1, wavelength output and voltage input were calibrated to acquire a set of targets. By applying voltages at channel 1 from 0 Volt to 14 Volt, the peak wavelength output was varied from 1548.2 nm to 1543.2 nm. For feedback control test 2 at channel 4, changing the heater voltage from 0 to 14 Volt. Resulted in wavelength peak from 1561.2 nm to 1552.88 nm. As the proportional and integral terms depend on coefficient Kp and Ti [25] , the optimal values for the proportional and integral terms where 100 and 0.010 for Kp and Ti value.
CONTROL SYSTEM TEST
Several channels are used to create internal disturbance of the photonic chip. Channel 9, 10, 11, 12, 13 and 14 are used to create internal disturbance source by supply 14 Volt for each channel. By activating these channels, the temperature increases because of the heat accumulation created by the channel heaters. This accumulation causes the wavelength drift. The internal disturbance quantification result is shown in Fig. 8 . From this figure, the wavelength peak drifts from 1546.5 nm to 1547 nm or about 0.5 nm when the internal disturbance is active. The total of applied power for internal disturbance in this silicon nitride is calculated by ((Vin 2 )/Resistance) ⇤ Channel active). The drifts per 1 nm is occurred when the total applied power at 0.32 W.
External disturbance is created by using a hot air blower to heat the silicon nitride chip from about 80 cm for about 15 seconds. The external heat from the blower also creates wavelength Single closed loop test result is shown in Fig. 9 . Without internal disturbance, the peak wavelength output is around 1546.6 nm at 10.2 Volt. For this test, internal disturbance is started at about 65 seconds. Fig. 9 shows feedback control system responded the output change and stabilize the output. The response speed of the system was about 0.3 ms which come from sample rate from the OSA through the local area network (LAN) connection. For the MIMO test with internal disturbance, the feedback control system is set at channel 1 and channel 4. Channel 2, 3, 5, 6, 7, 8 and 15 voltage inputs are situated as the calibration. Fig. 10 shows the test result with two inputs and two outputs. The two feedback control points at channel 1 and 4 applied tuned robust dual proportional integral reference tracking technique with optimal parameters as described in previous section. The internal disturbance started at around 70 seconds. Two target outputs are fixed at 1546.6 nm at output 1 and 1560.1 nm at output 2. This setup is based on look up table from calibration result of each point to applied voltage correlation. Fig. 10 depicts the two stabilization of two targets, the feedback system adjust the inputs automatically depends on the drift. The two inputs change correspondingly and interact each other to balance the two outputs. Fig. 11 depicts full system test with external disturbance. The heating started at 70 seconds. During this time, the MIMO closed loop systems also response or compensate the disturbance by adjusting the voltages of both feedback control inputs to the target wavelength peak. In contrast with internal disturbance drift, this disturbance changes the wavelength peak to shift from higher to lower wavelength peak value. This condition is possibly due to random heat effect during hot air blower heating to one of the phase shifter. As shown in Fig. 11 , the feedbacks response the drift by lowering the voltage to adjust the wavelength direction to the target.
The present demonstration shows the utility of the approach for dual outputs. The same technique can be extended to larger numbers of inputs and outputs, and is an alternative to other approaches such as dithering [2] and extremum seeking [13] , and allows solid control theory to be applied to the problem, leading to a more robust solution with improved transient response. Future work will involve larger degrees of integration, employing schemes such as those of reference [12] .
CONCLUSION
In conclusion, we proposed a MIMO control with multi proportional integral reference tracking technique combined with system identification scheme to maintain peak wavelength of PICs outputs. The control scheme can then be adaptively tuned by the integrated electronics circuit controller.
We envision that such an adaptively tuned complex Mach Zehnder interferometer structure should constitute a practical building block for reconfigurable and robust photonic systems, with the key advantages of enabling reliable and adaptive reconfiguration of complex photonic integrated circuits. 
